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QAITITATIVE STUDIES OF API AKENT ROTATIONAL

TEMPERATURES OF OH IN EMISSIUN AND ABSORFTION
(SPECTRAL LINES WITH DOPPLER CORTOJR)®

-, S. 3. Pennez

Gugpenhein Jet Propulsion Center
California Institute of Technology
Pagsadena, California

2ven if a Boltzmenn dis“ribution exists for tlie nopulaticn of nolecules
ir various encrgy lovels, 1t is not possible to obtain a satisfactory
interprctation of experinent:d deta by the use of conventional procedures
unless the product of maximun spectral absorption coefficicat and

opticael density X is sufficicntly snall. ctailed ce.lculationnmg?e presented
which show that the experinmertal results, which suggest an anczaious rotational
sermerature {or the 2 Z - gtase of OK in low~preusurse combustlon flames,

can be rccounted for by using: sufficiently lerge values for P.,.X. Tcnventioral
yiots for the deternination of populaztion tur-cratures for en isotherwel
enitting aystem nat 5000°K are swmarized fc- tre P, and ¥~ brenches of the
(0,0)- mand gf OH for 3Z — 2'ﬂ—tra.nsit.ious. Aoperent populaticn temperatures
up %0 19,000 X are obtained, Particulrrly rnoteorthy is e falling off in
intensity for the hirher rotrtional encrgy levels, which can be seea to
repregent & naturel conzequence of the fact that the naximum epsctral

emisaivity decreases rapidly +with increasin~ rotzticnal energy of ths initial
state. {iection II).

Reyresentative absorrticn studies for tha detcrnination of rotational
temper:tures in isothermal systens hnve bee. 2anelyced for the Py~ dbranch,
(0,0)~ Yaad, z]T . Z transitiong of .H at SCC)OOK. The :2lculations
show that erroneous int. rnrotation of experiientel results occarsif the
vroduct of maximum ebsorption coefflicient (""m:r.) an? opticsl deasity (X) is
not armell cotrared to unity. Semple calcul.-tionsg for a blackbady light source
show thrt the custonary yroccdure for treatin: exmorimental results will
vernit cdequ-te corielation ~{ the data by straisht lines up 5 relaliively
large velaes farPpga.X. It is rererrndle th:.t the preceding statenmens reaains
true even under con.itions in which enissio. iata for the €3 — 2 ?"
transitlons clearly indic: te that i ,4X is .0 longer snall comsnred o wuitly.
The arperent rotational temmereture of the  royand clectronic stite varies
by only -. fex humdred desrees when ths temncrnture of the light source is
jnerease.. fron 3500°K to 800CPK, the direction of tae change beirg such
that the anparent tcnperatures of the sbsor.or are the more nearly in
agreeazort with the acturl teineraturo of th: “lamo the higher the tunperature
of the .ight source. The calculetions emphisize the fact that corrolation
of experinentel data by straight lires is ro assurance that an error in
interpretatioa is not being made. (Section ilI).

® Supported by the ONR under Oontract Nonr-220(03), NR 016 210.
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Qepresentetive ealrulation: to detornine obsorvable peak and total
intensit. ~rtlos in emission for spectral line3 with Doppler coniour aave
been zcriisc Hut for 3}: -» 2 T tranaitions, (0,0)- bend, P}~ brench of
Ok &t -C00%k. "o calculations show thet the ratloe of peak and total
intensitios ~re functions of chonlmEEEboSPER] the products of maximam
ebsorotion cooficients (Pppy) and ontieel deasity (X) for the lines
wder stady. Fence quantitative intorpretatiol of exporimental data is
not alwnys po3siile unless »roper account is taken of the influence of

" ebsolate intensitios on exporinmental results. (Section IV).

<ontitotiveo eoleulntions have been corriad out of apparent rotational
tenrerstures in temtherre} srctems conteining aon-equilibrium distributions
of CH ¢t 30CC°E ond at vO00°%., The calculntiols on the P1- branch, 25 — 27
trensiiions, indicate thet, in tho ebsence of 3elf-absorption, conventional
plots chowir: discontinuitics nccessarily over:stinete one and undereatimate the other
of tr2 Vmowm ke esxtur.a of J0CO%K nnd €CCO%K. (Section V).

wentitative crlculatinne cn the noature of distortions produced vhen
en issthernel region at 3000°: is viewed throuh an isothurmmal region at
15CC%K show that the rresence of a non~isotheraal field of vicw nasnifies
the dictortion produced by solf-absorption elone. (Section VI).

or. the vasis of the non<rontroversial gqueatitative cealculatiors
descriied in Seclions TI %3 viI ror idealized s/3tems, some speculations
regardinz the s!:mificance ol roported flame tamperature anomalies for CH
are prcgaented in Section VII.

I. I.TIROUCTICK
Jxperizentsl stucies o ronulation tunmeratures in flames have been

el
reported, Dy different investigetors, for the ~ 5 = z'ﬂ' transitions

1,2 . 1,3,4 .
in fl-res ot low nressuces™' ” and at atrospheric pressures. o3 “hen

. 1
the exrerincnial deta are tr:ated according to conventional technicues, 2 4

the plets which ¢reo used for the deterrnination of rotational temperatures

A. G. Gaydon and H. G. Wolfhard, Froc. « Soc. (London) AL
ﬁ{%’ gg 834&92 A2, 56 (1950); A.?m%m (2953): Aaq)i.‘l%(ig;l%mh

3
S. 8. lenner, M. Gilbert, and D. Weber, J. Chem. Phys. 523 (1
For a detalled description of the lov-x'>reunre {lame upgpntu :00952).
Y. Gilbert, "The Investigation of Low-Pressure Flanes®, Report No.4~54
(Jot Propulsion Ladoratory, Pasadena, Aagust 30, 1949).

3
H. P. Broida snd K. E. Shler, J. Chem. Phys. 20, 168 (1988).

4

H. P. Bmid‘. Je Chem. mo u. 1383 (1”1).




ere sometimes found to exhitit discontinuities or curvatures both in the
( ' regions of sgnall an::].argo veluos of the rotetional energy 3(E) of the
initial (upper) state. The M"discoantinuities™ observed for smell valies of K
; have beon variously attributed to the formation of OH in the excited
}, .; electronic state by differesnt chemicel reactlons loading to a bimodal
R distribution of population dcasitios,'? to falsificrtion of expcrimsntal
u date by absorption cf enittec. rediation by cooler gas layers through which
the flame is viwad‘4 and to self~a.bsorption.5 The curvatureg observed for

‘. large values of X heve been intorpretedl to indicate predissoclation eccord=

! | ing to the process
OR (2 Z ") —» OH (2 Z ‘>._., o(3e) + 1u(%s).

( In a previous pt:l.b].ication6 we have called attontion to the fect that the

best available internsity estﬁmates7 on OH indicate that the product of the

not small compared to
X 15 Rononsdipurpocttax w.ity for the mc-e Intense spectrel lines cf OH

in representative low-pressure flenes. In orler to obtain rellable quantitative

* naxinvn absorption coefriciert l’m end of “he opticel density of the erittere

data unoa which a rational internrctation of flame gpectra can be brsed,
we shall investigato theoreticelly, as an ess:antial step in tke interrretation
of fleme spectra, the radiation characteristics of various idealized gystens

both in enission end in absorption.

G. H. Dieke and H. M. Crousvhite, The Ultraviolet Bands of QH, ‘
The Johna Hoplkins University, Bumblebee Series Report No. 87, 1948. r

i S. S. Penner, J. Chem. Phys. 20, 507 (1952).

; ( \ 7 R. J. Dwyer and O, Oldenburg, J. Chem. Fhys. 12, 381 (1944); 0. Oldenberg
: and F. ¥. Rieke, J. Chem. Phys. §, 439 (1938).
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In Section II we examins quantitatively “ha effoct of tho size of

me. on apparont population temneratures in “aothermal systems for

emission experiments. This 3tudy leads us to tac conclusion that noss of
the experinental data could "9 accounted for by a popalation temperst:uo
which i{s clogo to the adiabasic fleme temperature. Thus, the cuantitative
calculations are in agrecnen: with Dieke!s renarks that the olcerved
discontinuities or curvaturosfor small valuos of By ngy be the rosult of
self-nbsorntion. Furthermor:, an epnarent falling off in intcnsity for
largo velues of E. s0uld also ha the mMi;gﬂhsification cf errerimental
data by self-absorption,

In Section IXI we indicate driefly posi4bly efecta o7 lirge veluee of
me on apparent population tenjeratures 7 2 " aobteined ir abrorstion
exporiments for spestral lincs with Doppler contour. The results of
cadeow.ations for z-ﬂ- — 2 Z transiticns of OF end the (C,Q)= bircd show
that the apparent population teaperature i: strongly dopendent on tho
IR nunoricel velus of l’mx and rolatively insensitive vo itho tarpeorature
of the light source, as long as the source is appreciably hotter than the
flane.

In Scction IV juantitat.ve calculations aro described on tho inlluence
of absolute velues of spectral emisaivities on the use of the isointercity
methodﬂ§'8 Representative cnlenlntions have bean carried out for 22: - 2.“-
trensitions of CH at 3000 K or the (0,0)= bend and the Fy- brench.  The
rosults of the pressnt enalysis show that tenmpereture enonelics, obialined by
uce oF the 1sointensity methnd, goyld be tho result of failurc to ellew for
the offect of GWENNEENR valus3 of Lhe spectrsl enissivity on the peak and

total intensities of spectra. lines with Doppler contour,

——

8 ¥. 5. Shuler, J. Chem. Phys. 18, 1486 (1950).

Y
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In Section ¥ the radiat:on characteristics 014~ nop~

equilibrium mixture of OH arv investigated in torms of conventional ard

isointensity methods for the interpretation of emission experiments, These
calculations show that even jor MMM systems without self-absorption
tho interpretation of experirental data is not unanbipguous as long asa
conventional plots show eny c(eviazions {ron linearity. Furthermore, at

of the Smler-type
least for thu Pl- branch, lirear iscintensity rlots,are no assurance for
thermal squilibrium of the emitter.

In jeetion VI & sinplified madel is used tc stady the sirmul tanesus
distortisn of experinentel & ta br the conblinod effacts of gel f~absorpztion
and tempirature gradients. ‘hese studies giiov that observation of a hot
1gotherma) rerion through a cdoler gas layer accentintes te distortion
producoed in ccaventional plo s for the interpretztiion of exission date.

The material presented .‘x; Sections 1I to VI rests on accepted procedures
for tl.o anslyeis of radiating systens and spectrzl lines with Douppler contour,
rhe results obtained ero 1ot appliceble to re:l flenes without conjectures.
However, on the besis of the quantitetive siudies doscribed in Sections II
to VI, sone words o3 caution regerding the acceptznce of anoanalous
populstion temperatures for (M ap.ear to be justified. (Section VII).

11. THZ SFFiCT OF SCELF-ABSO!ITION Qi AFPARINT POPULATION TulERATURSS IN
2AISSI0N 2XbaiIANTS

e effect of instrunental distortion on experimental dat: will de
neglected in the present discassion. For the sake of simplicity, a comalete
enalysis will be cerried out only for studies involving peak intensivieg,

It is shown in Appendix I thet the results obtained for total intengities,

for reprosentative calculations, are similar to those obtained for peak




1 gl b

o m%w,. . .

intensities.™ Henca the applicability of the principal conclusions rcached

( in the following discussion uepondc only on the experimental determination

of velid relative poak or iniegrated intonsities for different spectrsl lines.

-

atjong Apation of aAnparent ropuletion Temperatares
For spoctral lines with DJorpler contour the maximum observable intensity

in enlgsnion, Im. is given 1y the relation
0 N
Tnax = BV g [1 - exp (<P x)] (1)

where Etc(\)j u) dcaotes the "ntansity of radistion enitted by a blackbody,
which is at tle sanc tenpers‘ure T, A8 the raseous enitterc under study. The
frequency \),Zu is obtained irom the values of tho upper (::u) and lower

(E,Z) en:rey levels by use o: the llohr froquency relation. For spectral

2] RS
. 4 . o) tha g = ne” 2 3
lines with Dorpler contour i‘ 1s well-kmown that Inz.x S,@ a (mc™/ Trth\?zﬁ) .
vhere sﬁu is the integreted intonalty for the transition under studr, m
; oquele the nass of the radieior, ¢ is the v:lacity of light, k represents the

Boltzmesnn conetant, and '1't 1: thc translational teuperature.s Let

£' = 1,./8(Vg) @)
and

xa-Pmux : (3)

whence it follows that

OQ
=
-g'= . /ol =exp (x) -1, ¢))

n=1

® In zoneral, peak intensity ratios ars obtained if the lnstrumental slit¢
width is small compered tc the lire-width, wheress total intensity ratios
are neasured when the instrumental slit-width is larse compared to the
(r 1ine-width.

’
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It 13 evident that &' represents the maximum value of the spectral

enitted
enissivity for the GHEMES spectral lines.* If the population temperature

of the emitter 1s defined in the usual way, then g' < 1.

Sy

dy using 3q. (1) and the defining relations for £' and x it is roadily

shown that
cx= g [1vdere 1/3) (6974 /8 (E0%+ vnu)e wfa (1 -EV). (5)

For ver: sncll values of £ 1, Zq. (5) leads t> the usuel result, vig, = x= £! or

(szu X) (mc2/2n‘k Tt\)z i)i = Im/RO(QEu) for €0 << 1. (6)
Fron an appronriate expressisn for slu and 3g. (6), it is re=dily showm thats
v 3 2
)En [Im_&t/( 4!) i(q‘&%)_l_. 2 - T*;f— for &%V << 1 (7)
3, “u

vhere g. is the statistical weight of the upror (initial) cnargy stete and
qzu 1s the matrix elcment for the transition under study.
If £' is not suell conpared to uniiy then it is no longer ncsasible
aumerical
to obtain the value of ‘I‘u in e sinple nanner unless GNEEIER v-lues of €7 are

aveilalle.

B, A Method for Demonstret ing the iffoct of 2V f-Absorption on Apparent

o ...
Poruvletion Termaratures of ()Hﬂ_(z 2 = “[i_ Transitions).

We proceed now to examine quantitatively the efiuct of the
values of g1' on a.parent population temperatures determined according to

2q. (7).

® DRepresentative values of £ '(1) for lowprossure flemes lie between 0.3
and 0.90. In order to ut:lize the data gziven in Tabdble II of Ref. 6, for
the calculation of E£'(l) care mus% be taken to use for X the ootical
density of emitter in the ground level involved in a given transition,
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Ylots of log[l [(V u):s & (qln,\z] as a function of E  can be
constructed for various assuned values of £' by proceeding according to
the acheme outlined delov.

(1) Assume a value of £', i1or example, for the Pl" branch, (0,0)« bend,
for the trsasition identified by the index K = 1, uszing the notation of

Neke ard Cx‘oswhite.5 It 1g then evident from Zgs. (1) end (2) that

(pm x)x= 15 - 2.303 log [1 - E'(K= 1)] . (8)

(2) Celoulate the ratio S g, (x)/slu(x = 1) from the expression

Sge ®) g ) [a, 03] vy )

exp~ [ i, (K)=E, (1=1) ] /it
Sg 1) g, (=) p, 1) f] v (k1)

x exp(h\)lu (.()/k‘.l‘] -1} x exp[h\?ﬁu(x-l)/kl'] -l -l. (9)

Tne first fraction appearing on the risht-~land side of £q. (9) is given by
results obteined by Hill end Van Vleck9 as written in convenient fom by
.:Larlslo and tatulated by Diete and Cmssvhite.s Tho quantitics \)/é u(ll) and
;-:u(x) hrve al3o bean t'.abul::.tad..5 Helative intcnsitlios of spectral lines
balong:ing to the P).' and ;’2-— brenches, (0,0)= band, 2 Z — 2Tr transitions

of CH 2t 3000°K are given in Table I.

(3) Detarmine (me JC)K froa the reletion

5y (K) . Vg, &=1)
(Pm X)x = (Pm X)x -l é‘: (=) \)/eJ: ®) (10)

9 £. HA11 and J. H. Van Vleck, Phys. Hev. 3g, 250 (1928).

10 1. 7. Zarls, Phys. Rov. 48, 433 (1935).
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and eveluate

g (K)= [l - oxp =(P x)x] . (11)

(4) Calculate

(I )y = €' (k) [n° (\’/eu)] X | (22)

——

~N
2 3
(5) Finally colewlete log (I _), ~log {;:“(x) (112 (}:)‘} r\l. (y.)nl l ana
i‘ w L 1 _’ L"L’_u ; } !
piot t~.3 cuantity os a fuiciicn of .':'.u(}i). Fron. the slope of thic rlot

daterrnina the ap-arint pomaletion temperature 'ru' in the usual wey by
applying Za. (7).

Tne vesults of crlculations carried out according to the schema outlined

above o~ sumrariz~d in Fie. L for the Pl—~ bronech fer various agsuncd values

of £' (1), iz Tig. 2 for th P)- and P~ branches witk ¢ (1) = 0.99 for
the P,~ “ranch, acd in Fig. ¢ for the P~ and P,- brenches with g’ (1) = 0.50
for tho :1~ oraach.

~

Se _Dscusaion of Hegultg

Annlyeis of the deta listed in Fig. 1 leads to the conclusions cnunerated
below.

(1) For eufficiently snall values of €' (1) the apparent and true values

of the yopulation tcnperatures erc identical sincoe zo. (7) apvlies in good

sprroximation. This recult is, of course, welleknown.

(2) Az she vilue of £ (1) is increased, the plots constructed according
to Eq. (7) show iacreasing curvature for the more intunse rotavional iines

until foxr £ ' (1) = 0.5 and greatcr the constructed curves simulate

anonmalous
ropulation tenperatures which are of the sane order of megnitude as tae,values

“reported for flames. It is eagy to see how a linmited number of experinental

.
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points between X = 3 and K = 20 goyld e correlated by two intersecting

straight lines. Apparent powmlation temperatures T u° obtained for lines
with 10 € X < 18 for the P~ branch, (0,0)~ band, and zz > 2T
transitions of OH at 3000°K ~re listed in Table II as a function of the

asgumed value of £¢' (1).

(3) TFor sufficiently large “alues of X, 21l of the curves become parullel
indopendantly of the assumed valuss of £ (1). Thus all of the experimental
data yileld apparent population temporatures wiich are in agreement with the
trae vzlue of the population tenperature. rieaxce, Uy extending experimental
studies to sufficlently lerge values of X, it is slways possidle to obtain

unambiguous estinates of the ¢rue population temperature.

111 THS ZFF.CT OF 3ELF-ABSCHITICN Ol AFPANLIT IUOFULATION T:(FERATUHSS IN
ABSOId'TION =XI'ZRIMENT

At thermodynanic oquilitrium the spectre’ emissivities ani ebsorptivities
erising romt 2 given trensition ere identicel. Hence it 13 to be exvected
that falsificetion of experirental dete in absorption experiments nseds to
be considerec -rthenever self-abscrption is lmowa to be of inmporiance in
enission. The follo'riiy~ enalysis i3 restrictci to the use of .08k intensities
for the crlzulation of population tenmweratures.® Instrumental distortion
will Yo r.oglected as in Secti-n 1I.

A, EZnwrtiorg for the Detormination of Apparcn% l'opulation Terperatyreg

In en absorption experimint i th a gource walch is much brighter than

the enission lines and which omits the spectral radiant intensiiy xs(v). the

maximum value of the fractional absorbed intemsity, OX)'= ‘uaz/%(\)l ale
is givan by the expression

* Tho uso of apparent total absorption measurenents is discussed brieily
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O("-IOGIP(-Pmt) (13)

wvhance, proceeding as for emission,

(=
- A '= E x B/n1
=l
and
ax=o (143 X+ Qa0+ /a) (% -] (14)

For (X %<< 1, Eq. (14) reduces to tho expression =x = XV or

(s g, ) (nef2mi 7, vy PW /8 (Vg ) (25)

where

szux ~ (8 1t3u/3hc wvlugtz qlﬁ [e’p (°E£/k 7y )]. (16)

Here T,Z is the ropulation tomperature of the ground (initisl) statec inm an
abgorption exnerinent. From ..gs. (15, end (16) it is readily t;h,ovrrn6 that
for groybody enitters, with the effective tenpurature of the source, T., large

conpered to T l ’

2
)ln[fbﬂgﬁl QLnL - 1 a7?)
2%y e
1t i8 evident that T g can, in general, be determined only if absolute
values of CX ' are known.

Be A lethod wwwmm_ﬁm
Population T b G = 22 Irapsisions)

4o proceed to exanine quantitatively the effect of absolute values of

O ' on anparent population temperatures determined sccording to Zq. (17).

e
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Flots of log [A /% (qiu’al as a function of ',L can be constructed Yy
using the following scheme.

(1) Assuno a value of X', for example, for the P, - branch, (0,0)~ bang,
for tha wransition identifled by the index K = 1, using the notation of Dicke
and Crosswhite.? Next calculete O('(K) by using the samo procedure as was
usad to obtain the naxizum volues of the spectral emissivity for the line
with lavex X (Cf. Section II).

(2) Calculate

Apae™ O (E) Rg g (18)

assuning a dlackbody distribution curve for tho source at the temperatuve t?s.

( 2
(3) criculate log 3 ("\nax)x /gu(x) [ql u(}:)] and plot this queatity
N .

as a fanciion of EZ (E). Froa the slope of this nlot determino the apparert
population termmperature ’I”e‘ i1 tho usual wey W7 applying Eq. (17).
Ths results of calculaticne carried out ncroxding to the schemo outlined

above are suwmnarized in Figs. 4 to ? for X' {E=l1) of P,~ buranch = 0.1,

1
0.3, 0.7, and 0.9, respectively, for two or nove values of the source
tenperatuTe Ts. Apparcat porulation tefmperatures for the relevant assumed

conditions are indicated in Fige. 4 to 7.

L. _Piccusaion of legulte
Anclysis of the data presented in Figs. 4 to 7 leads to the conclusions

enumerated below,

(1) Sxnerimental data treated according to conventional procedures permit
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correlation of results by linear plots sven for values of (X' (X=1) of the

Pl‘ branch which are so larg: that T y) ! diffors appreciably from T A
Hence absolute values obtainod for T l. cannot bo considered to be meaningiul
without convincing proof tha. me is sufficiently small for the spectral

lines under study to jJustify zonventional treatment of datsa.

(2) Aprarent population termatratures Tl' are always larger than Ty . The
differerce between Tl" and ‘I‘e decreases conevhat as the temperature of the
ligh% source is increassed, fiv fixed valuee of wa. Howover, the apparent
temperatures are relativoly insensitive to thu numericei value of Ts.
decreasing by only a few hunirvd desgrees as Ts is raised frenm 3500°K to 8000°K.
(3) For sufficiontly larse valres of (X' (K=1) for the k- vranch,
discontinuities or curvatures a2:5 observed in the conveantionel plote winich

are reniniscent of the results cltained in enission expsriments (Section II),

(4) Coumparison with estimates of (X V(X=1) tased on the ebsolute intensity
meagurcnents porformed by Ollemberes and his collaboraf.ora.6 shows that

may be
X *(¥=1) for the Py~ braach - too large to pernit the dcterninaiion of
rotetional tecrperature by ths use of 3q.(17) unless care is tukea tc utilize
oaly spectrel lines with larze vrlues of K. The particuiaer values ¢ X

which can be used depend evidently on the MINEEEE velue of (X' (¥=1).

Adequate care in the interpretation of ebsorption studies, as wall ac
of emission studies, pamits tho determination of both the true mtational
temperature and of the concentratiion of the absorbing or emitiing species,
provided the population of rolecules in the rotational energy levelu obeys
the Maxwell-Boltgmann distribution law. Thus date on spectral lines with

large K can be used to obtain Tz. Next a fanily of curves, for the known
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values of T yi and Ts. is constructed, for example, for different values
of X '(k=1) for the P)- breach (compare Figs. 4 to 7). The date obtained
by using Eq. (17) for the lower values of K can then be employsd to

determine (X! (E=1) whence the optical density X is determined since

?
s,en is known,

IV, TH:Z EFFLCT CF SZLF-ABSCIU'TIOL ON CHE 5 OF ISOINTANSITY MSTHOOS

Serious attempteto correct for the diitortion of exnoerimental lata
produzed by self-absorption have been nade by Diekes and his collaborators
and eslser by Slmler.e The liritations of tho iscintensdty nethod snd the
care required in its use have becn clearly s:inted vy Dieke anl Crosswhito.s
The quantitetive cerlculatiors vresented here enphasize tho fact that it ig
easy to odbtaln erroneous results if 1sointcnsity methods are 1sed for the
1’1- bronch. It is clear th:% the errors w:1i be emaller dhut aot no;;ligidble
1f the isointensity nethods are used for the 32— brench, as originally
Proposed by Dieke and Crosswhite 5nd Yy &nlu'.a

A tlin ation

Mo spectral lines, which are differentiated Uy the indices X end X¢,

.appear to have equal neak intensities Im in a0 emission experinent if

Toax ()= 1 (K1), (19)

whero I~ is given by Eq. (1). For various ascumed values 0f £ ' (Ksl)
of the Py~ branch at 3000°K, 1t 1s a simplo matter to calculats the ratios
S (K)/I“m (k=1) by following the procedure described in Section II. The
results of these calculations are summeriszed in Table III and representative
values are plotted in Mg. 8,

L
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The spectral lines, which are identified by the indices XK and K¢,

appear to have equal total iateneities in omission if
A(K)= A (K) (20)
where
2 . -‘ =< :’; "l n
A®) =[5, (rePl2min ) F Y “‘K)][Pm(x)x]; | 1)1 1) [-Pm(K)xl . (@)

By prvceeding accorling to the method describded im Appendix I, it is
reedily shown that

A(K)/A(K*) -..-[1m“(x )/Iw(l(')] [\Qu(}:)/ \{?“(}.')] [ ?(x*)," 7 (zc)]. (22)

Representative numeical valies of A(K)/A(X ) aro 1isted in Tabls IV and
f) L ]
plotted in Fig. 9 for ©y — 2] transitions of UK at 3000°K for the

(0,0)+ band and the Pl- brench.

Be  Dscugsion of lesults

Heference to tie da%a listed {a Tables 11l and IV and pletted in Figs. 8
and 9 shows that tho ratios [ _ (}c)/lmx (.') and A (K)/ A(X') are functions
of tne values of & ' (¥=1) ‘or the Pl- brinch, the dependence cn & ¥ (k=1)
beconin: stronger as €' (K=1) approaches unity, i.e., as the extent of
self-abcorption inc 'ceses. {his observaticn is emprhnsized Uy noting, for
exarole, that the 1 .ne havin: ahsolute peak intensity closest to the .ine with
K= 3, hes K= 13 for £' (1) = 0,1, X = 13 for &' (1) = 0.3, K= 14 sor &' (1) = 0.5,
XK= 15 for £' (1) = 0.7, K= 18 for £' (1) = 0.9, L =19 for £' (1) = 0.55,
and K= 21 for &' (1) = 0.99. Comparison of the data siver in Tables III and
IV and rlotted in Figs. 8 anl 9, respectively, slao shows that the effoct of
self-absorption in “elsifyin: the data obteined by use of the isointensity

method 1s rnore nronounced for peak emitted intensities than for total intensities.




( The effact of self-absorption on populetion temperatures determined
fronm the isointensity method can be demomstrated graphically by using the

procedurs developed by Shulora whose method is equivalent tc the asswmption

that total intensity ratios 4(K)/A(X?') can be replaced by the product of
transition probability ratios gn(x)[qzu(x)] 2 /gu(x!) [qfn(x')] 2 ard
ﬁ apprepriate exponentinl factors for spectrsl lineg which are cloase together.

Plots 02 E(K) - B(X') vs. lot:{ gu(l() [qen(l{)] e/gu(x') [qlu(l(’)]g} are

e — e —r

shown in Fi{g. 10 as a function of §£' (1) for peirs of spectral lines for

! ‘ which Im(x)/Im(K') 18 nearly equal to unity. Similarly, rlots of

B(K) - E(K') ve. log{ g, (K) [qlu"‘)] 2/5‘1(1:) [‘l n(x')] 2} are shown in
Yig. 11 as a function of § - (1) for pairs of spectral lines for which
AX)/A(X') 18 nearly equal tc unity.

} Reference to Mgs. 10 and il shows that the plots deviate progrsrsively
more from straipght lines as £' (1) is incrceced. Apparent populatiorn
temperatureg?u' are noted on the curves givon in »gs. 10 and 11, The

results are seen to be an imnediate consequance of tho dependence of tre

k K-values for lines with equa). peak or total irtensities on £! (1), Fance

the conclusion is reached thi.t the effects cf solf-absorption in distcrting

’ experinental data do not necessarily cancel in first order for the isointensity
b methocs. A simple physical explanation for failure of the isointensity
methods at large values of the spectrsl emissivity 1is obtained by noting that

- e

the quantities B°(V 2 o) influence the observeble intensitics end that

n°(v£u). vhich is 2 function of temperature, is not the samo for any
distinzulshadle pair of spectral lines. Jurthemore, equally intense apectral
lines, for vhich 8 lu(x) =8 ln(x.)' have slightly different widths since

.

p

-‘}
.
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the Doppler 'width !s proportional to the frequsacy of the line center.
Thus the obvious conclusion is reached that tho effects of self=absorption

will cancel exactly only for equally intense spectral lines with line

centers occurring et identical frequencies.

V. LRIORS IN CONVAILTIONAL I'ROCHDURSS FOR ISCTHIRMAL SYST.2MS I THI AJSS2ICE
OF S.LF-ABSOIG:TION
“hereas the effcct of celf-absorption in producing distertion of

enission data hae been emply discussed, relatively 1litile enelytical worx

a mixture of
has bsea done on the neaning of diacontinuous curvas forQ;aothemal systemg

in the abcence of eelf-absorption, Althoush the nethods of calculation

which we employ are well-known and the conclusionas to which they lead are
almost odbvious, it is somewhat survrising to note that errors in iaternretation
%ﬂx nade even for tho often postulated nomn~equilibriuvm distrivution of
OH. Aside fron emphasizing the need for care in dealing with anything other
then a linear plot, the present anslyeis ~lso serves to give cxemples of
linesr isointensity plots of the S)mler-typaa for the Pl- branch wish meening-
less termerzturcs for a non-equilibriuvm distribution of CH. ‘/hether or not

the R.a- branch is quite as bad cen be seil with assurance only aftor
quantitetive calculations have boen carried out; however, wo expect the errors
to bo loss nronounced. In tiis connection reference should ba nads &lso to

the discussion of the isointensity nethod given by Dieks and cmuwhito,s who
indicate very clearly under what oconditions ths method is usable.
A Ouiline of Theory
For s non-eqilibrium mixtuse of gases containing OH at 3000°K and at

6000°K, the total obeervable intensity A(K) emitted from the spoctral line

identified by the index K with line center at Vl“(x) is given by the

expression
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where the effects of self-absorption have Leon asauned to be negligidble,

The total intensity of the line with index X divided by the total intengity
of the line with index X = 1 is

6= A(K)/AQ) = [B(T = 6000) + B(T = 3000)C] /(2 + ©) (24)

where

B(T) a{go[\)l n(K)] Sju(!f.)/ S)°[9£ n(1)] S’Qn(l)‘ .

B [‘)} w3V am] "":(‘ﬂqlua’x/ (gya ,Qn.a)l]x w{ - “%(K)-Ec_(l)}/ml (25)

J

and
c ={S,o[\>1u (1)] S0 (1) x} ?—_3000/{?0 [\)In (1)] S fu {1) x} 6000

= (%3000 / 5000 ) [ oxn - {:-:u(l)/k [ (2/3000) - (1/6000)]))] . (26)

The non-equilibriun character of the OH distribution is expressed by the non-
gex0 and non-infinite ratio

r.13000/16000° (27)

Tor r == 0 the prosont Jliscussion rcduces to0 the anelysis of an isothernal
systen at 6000°K whereas for 1/r = 0, the rr.diation bocomes that cheracteristic

of an isothormal system at 3000k, It ise apparent that r mst de cons;.dera.bly
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grecter then unity before the OF with rotational temperature at 3000°K will

influence the observed radiation from the non-equilibrium mixture.
The arparent temperatures which would be obtained from observetions of

the mixture if conventional treatment of emission data were employed, is

obtained by plotting log [ C/ [\’Iu(x)/ v L (1)]4 [(&uq [ua)x / ”(Gu‘l { 3)1]} | “

eg8 a function of zn(x). Sinilarly, isointensity plots ney be conatructed
according to the method of Slm:ter8 by noting that for oqna-ny intense lines
with indeces K and K', respectively, G(K) = G(K').

Bs _Discugslon of Hogultg

Interpretation of measurcd intensities according to conventionel
procedures lor analysis of onission data is illustrated in Figs. 12 to 18.
In accord with expectations, wo find for r S102 that the observable
intensity ratios are prectically those choracteristic of an isothermal
systen at 6000°%. On the other hand, forp 2 106. the non-equilibrium
mixturc radiates elmost like an 1scthemal systen at 3000°K. For intermediate
valuo3s of 7 intensities are gt;bswdin the nsual logeritimic plots (Cf.
Figs. 12 to 18) which cen be reprosented, in sdequate approximation, by two
intersecting straicht lines. For low velues of K temperatures greater than
3000°K are obtained whereas for high velues of K temporatures éﬁ% than
6000°K are obtained. Of particular intorest is the fact that data calculated
according to Shuler's isointunsity method (Cf. Figs. 19 to 21) can frequently
be correleted by linear plots oven under conditions in which conventional
procedures clearly show discontinuities.® Of course, the slopes derived

from Shuler's isointensity plots are meaningless in these cases. The data

® Thore arc several obvious recsons for this result. Thus, without
applying a suiteble frequency correction or using.interpolation between
listed velues of X, there is consideruble intrinsic scatter in the
isointensity plots. Furthermore, the number of points which can be used
to draw the final plot is reduced to one half. Hence it is quite possidle
to obtain isointensity plots which do not show the finer details of

conventionsl plots. ‘
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shown in Figs. 12 to 18 are notable also in that they show a less mariced

difference between the apparent temperatures for low and high values of K
than is usually obtained experimentally. This observation, together with
the fact that the apparent population temperatures are always too high,
cortainly indicates that as long as non=linsar plots are odbtained a simple
a mixture of

interpretation of observable data is inadmissable even forAisothemu gystems
In the absence of self-absorption. Thus, two intersecting st-aight lines
with apparent temperatures Tl and ‘1‘8 can bc obtained only by non-equilidrium

other

nixtures at tenperatures amme than !1 and !'2.

VI. AVPARSIT TZIZRATURSS FOR TWO ADJACLIT ISOTHERMAL RZGIONS

7he observable radiation from real flarcs is elways produced as the
result of a non=isothermal field of view. W:thout a detailed prescription
of teaporature and concentration gradients along the linae of sight it is
not »o0s8siBle to incorporate quantitetive corrsctions in the iaterpretation
of experimental data. However, it is apparent that the felsification of
data in conventional plots will be similar to the falsification produced by
gelf-absorntion as long 28 & hot region is viosed through & cooler gas lgyer.
Wlo shall demonstrate this conclusion by reprosentative celculations oxn the
observeble amitted radiation for spectral lines with Doprier contour whon
an 1sothemal reglon at 3000°K 18 viewod through an isothermal region at
1500°K. The concentrations of emitter in tho two regions will be treated as

verisble parameters. Although we present theorotical results only for the
Py- branch, it is clear from a study of the factors responsible for

distortions produced by observations throuch cooler ges layers that, for
exarple, the Rz « branch will be modified in roughly the same manner as the
Py- branch. Hence, although the use of isointensity methods is advantageous
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in mininizing the effects of self-absorption for the %— branch, ths use

of the BB- branch becomes less significant if distortion by temperature

gradionts is also of importance. It is egratifying to note, however, that

the dietorticns resulting from tamperature gradients are reduced if the
extent of self-absorption is diminighed. 7

do__Qutline of Theory for Peek Intensities

consider an isothermal rogion at tempercture T with proparties X, Py o
Foay’ n(vlu). end £ =1 - exp (-puux) whici 18 observed throus:h an
1sothemal region at temperature T' with pronerties X0, P\)' . Pma:':' ] (\)Iu.)’
and E£'=1 - exp («Pplg X'). The maxinun observable intemsity for the
spectral line whose center lies at the frequcncy Vln is

/- €]
Tax = BV ) { € +rexp (-0 vy /i) [/m) - (1/1')]}(1- £)). (28)

A conventionel plot for the 3tudy of emission exnerinents con be constructed
eccoriing to the acheme outlined below.
() For T = 3000°K end T = 1500°K and fixed values of £ (X = 1) end

€' (K= 1) for the P)~ branch crlculate Cpaz X ang G SN

(2) Salculate the retios Sy (£,7)/S p,, (E=1,7) and se"1 (L,T')/sp) (K= 1,00),
(3) calculete (F_ . X), end (k. X')y and hence £ (X) and & (k).

(4) Desternine I _ from iq. (28) and plot log [Inx/(‘n ‘13)("1‘;)3] as a
b} 4

function , E, (x).

Be Discussion of Regults for Peek Intensitiep

The results of numerical calculations are sumarized in Figs. 22 to 24

for € (k=1) = 0.3, 0.5, 0.7, and 0.9, respectively, for varying velues of

€ '(el) with E'(Kml) € € (K=1). Reference to Figs. 23 to 94 clearly
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shows that observations through a cool isothermal region accentuate the
aistortion observel for self-absorption alone. For example, for

€ (ks1) = €' (k1) = 0.3 a definite curvature is observed (Cf. Fig. 22)
vhereas for £ (K=l) = 0.3 end £' (¥=1) = O a linear plot with a nearly
*normal® temperature obsains (Of. Fig. 1). For strong selfeabsorption -

both in the hotter and cooler gas layers, oxtonsive self-reversal nay
11

oceur "~ leading to no real values for the "tcrmerature® (Cf. Tigs. 23 to 25).

It should nerhaps be emphasized that thc data shown in Fips. 22 to 25
are ouly of qualitative significance in eo far as apnlication to recl
flame3 is concerned. Furthermore, the results are, of course,nodified if
appronriate plots for total intensities arc used instead of plots for penk
intensities. In general one would expect thc extent of distortion to be
somevhat diminished for total intcnsity measurements. Detailed calculations
will not be presentod here since the precice evalustion of the integrals
involved is somewhat labdorious and since the results would add little to
the qualitative conclusions stated above.

VII. ALFLICATION TO FLAMES

It is evident thet none of the quantitative results prescntod for
1declized systens in Sections II to VI apply to reel flames. Neverthslees
1t is perhaps justifiable to perform some extrapolation to recl systens.

To begin with, 1t is clear that observed "anonalies" gcan be explained
by distortion of experimental data through self-absorption and/or temperature
gradients. In order to make observable anonelies appear real it is there-
fore necessery to perform experiments proving that distortion of data does
not pley a significant role. The proof should be direct and not inferemtial.

1 3. p. Covan and G. H. Dioke, Roeve. Hod. Phys. 20, 418 (1948).




T

e

-

b 22l 2 PO
- . ot

- e

In order to emphasisze the fact that inferential proof may be no proof
at all ws consider, for example, an isothermal system at 3000°K with

£ (1) = 0,70 for the P,- branch. Oonventional interpretetion of emission
experiments (Cf. Fig. 1) will then show experimental data which can be
correlated by intersecting straight lines leading to & valus of T ' 5000°K
for the 2 T - state for 106 K 20 (Cf. Table II). Next absorption
experiments are performed with a light source at 8000°x and, considering the .
inevitable scatter of experinental data, the observed results are well
correlated by & single stralcht line with ®,' = 3650°K (0f. Pig. €). On
the basis of these experimental results, ons ocould argue with vigor for a
nearly "normal" distritutioa of OH in the ground (a'ﬂ') state and for abnormal
excitation of CH in the excited (°J) state. Tor the cese under dlscussicn,
in spite of the seemingly coavincing inferential evidence, the conclusion
would obvioualy de erroneous.

e have presented previounlym a criticel review of avallable exnerimental
evidence for anomalous population temperatures in flames in wilch we amphasiged
the lack of unequivocal evidsnce elther for or against the rerlity of the
anonalies, noting, horover, the wealth of interemtial evidence, in favor of
a non-equilibrium distribution of OH, presented by Gaydon and Wolfhard.l Ve
did not intend to replace a temperature anomely by:eonoentmtion anonaly.
Rather we were interested only in showing that asc yet the experimental
ovidonce is not sufficiently clear t0 warrant quantitative interprotatiom,

We have proposed a two-path method vhich eliminates all errors arising Ifrom
self-abeorption in isgthermal systems for spectral lines with Doppler
eontou.r.u However, we 40 not consider the method to be exactly walid for the
study of regions of active combustion. The only conclusion which we feel

12 3. 5. Pemner, J. Ghem. Fiys. 20, AigesZ (1582).
13 S. 8. Pmr. J. Chem, Pm. m. l”’sz—(1Q&)o
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Justified in stating at the present time is tlLat the spectroscopic study

of regions of active combustion is useful for species identification and
my, in time, lead to a valid quantitative picture, for example, of OH
rotational temperatures and OH concentrations. The final analysis ney

prove or disprove the reality of anomalies. Hovever, we shell find such
proof coavincing only if every precantion has been tezken to eliminate
instrumental errors and all necessary corrections for distortions have been
made by a realistic study of temperature gradients and of the extent of self-
absorption. In this connection we wish to om-hesize again the fact ithet the

use of the isointensity method for the Rz- branch, with proper consideration

for all of the precautions mentioned by mm.s will minimize self-absorption

errors. However, the use of the R- branch i3 not sufficient to elianinate
the coupled effects of self-sbsorption and temperature gradients (compare
Section VI1).

The question of the reality or fiction of anonalous rotationsl, vidbretional,
and electronic temperatures for OH ia flames is of practiczl importaace in
connection with the development of rigorous theories of one-~dimensional

laminer flane propegation, 14

A review of obssarved anomelies shows uniformly
high population temperatures not only for OH but also for other cheaical
species. On the other hand, theoretical studies by Golden and Peisexj show

a lovw rotational temperature for newly formed KBx'.l5

If non-equilibrium
distritutions persist in flaxes, the attempts at a rigorous calouwlaticn of
barning velocities for one-dimensicnal flame propegation are enormously
complicated because of our completely inadequate inowledge of detailed

reaction mechanimms, particularly between molecules and radicals in excited

14 J. 0. Hirschfelder and.C. F. Curtiss, J. Chem. Thys. A2, 1076 (1949).
18 g, Golden and A. M. Peiser, J. Chem. Phys. A2, 630 (1949).
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hypothesis
states. The Ertwntztn that spectroscopic investigations yield information

about side reactions and can therefore be ignored in a realistic formmlation
of the detailed reaction steps in flames is not altogether satisfying since
energy mst be conserved and we have as yet no detailed knowledge concerning
epergy-deficient chemical specles in the reaciion zones of flames. Yor

this reason, continued spectroscopic studies of flanes are of interest not
only in ascertaining details concerning the particular reaction steps which
can be studied conveniently, tut they aleo hare a bearing on such parsmeters
ag the linear burning velocity, etc.

In conclusion, the author takes pleasure in axpressing his appreciation
to Drs. 0. R. Wulf and H. S. Tsien for helpfu. comments. The numerical
work was performed by E. K. Bjornerud and R. W. Kavanagh,
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AFFRNDIX I. BASIC RELATIONS IN TEEMS OF TOTAL EMITTED INTZNSITIES .

C‘ The expressions given in Sectson II require slight modifications vhen
total intensity retios rather than peak intensity ratios are availadble.

If the apparent integrated intensity of the spectral line with center at the

frequency V Luls denoted by the symbol A(Ve u)' then, &s is well-imown,*
A(Vp o) == RV N(me®/2W KD, Vg 1) # (R X) E l’ (nbl)h(nﬂ.)l] (-F___X) }. (A-1)
. M b

From kgs. (1) and (A=1) it follows that

Taax = [ 400 WV g o] (ac?/2w st 7 (a-2)

wvhare

Since 7 =1fr P _X«<1, it is spparent from Eqs. (7) and (A-2) that

)I.n[a(vh)/vz ‘5 (ag ' I
alu Ty

for €'<< 1 for all lines.(A=4)

Zquetion (A-4) 1s the expreasion which is usunlly employed for the
interpretation of experimental data. The velue of 'f 1s plotted as a fumction
of B, X in Fig.(a-1).

‘“hen conventional plots for the determination of population temperatures
are constructed according to Bq. (A=4) for arbitrary veluss of &' (1),
results ubstantislly equivalent to those shown in Fig. 1 are obtained. In - t
this case the quantity A(Vl“) can be celculated from Eq. (A~2) after obtaine

C) ing 1 by use of the procedure described in Section IIB. Construction of r

* R. Ledenburg, Zeits. f. Physik §5, 200 (1930).
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curves analogous to those shown for the Pl- and Pz- branches in Figs. 2

and 3 leands to the conclusior that the sernration between lines belonging
to the Pl" and Pa- branches is slightly decreased.

APPENDIX IX. POPULATION TZMPERATURES BASED ON APPARENT TOTAL ADSORFPTION
UEA U RILENTS FOR SPECTBAL LINSS WITH DOPFL:R CONTCUR
It is readily shown that the epparent otal absorption Ap 18 rei.ated
to the peak absorption Anex through the expression

A=Ay '( . Nln)"l (ncalznmt)% (A #B)

where 'f is given by Z0. (A =3). 3y the use of Igs. (A=3) and (A=) it 1s
a simple natter to convert ths data given in Figs. 4 to 7 to the correspond-
ing plots involving 4.,!, The calues of T ta a function of Pmm: X heva bean
given in Mg. (A-1). Conclusions durived from conventional plots in teims
of A,r for estineting population temperatures do not differ significently

from the material riven in Section I1I, for the range of spectral emissivitles
considered in the present an~iysis.

< A
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Conventional nlota for the determination of rotattonal temperatues:
of OH in emission for various agsemed velues of £°® (1) for the
iy vrench, 35 = T tranertrone: (0,0)- bend, 33000°K:

Jonventional nlots for the determination of rotational temperstures
of OF 4n emission for the 1-‘1- and PB- bmnchu[ BZ —y & .ﬂ.
transitions, (0,0)= tand, T = 3000‘)“{, E' (1) = .30 far thx

?1- brex\ch].

Conventional plots for he cetermination o rstational ‘emrsratures
r

of OF in em{ssion for the Iy~ and P~ branches | ?'Z — 2'”_

transitfons, (0,0)= tand, T = 3000°:, £' (1) =.50 for the

- mcﬁ]o

5

fonventiond ploss “or the determination of apraremt novulation
semmoratures 'l‘l' of *he zround eslentronie itate Zrom absorption
axperimenta for 45ifferent temparatires of the light icurce

'l‘s [ Z‘W ‘_"’2 Z trensitions of JH, (0,0)= bend, E—l~ hraach,
T = 3000°7, X' (i) = 0.10; the >rdimate for the plot at

T4 = 8000°K has been retnced by 2.00 relative to the plot far

Ty = 4005":] .

Conventional plots for the Aoterminat on of apparent populatioa
fermheratures 7 ,l’ of the pround slestrnnic state from a.b‘e?rpnon
nxperinents for A1fferont temperatures of the light source
'.ﬂ'{z W — 2 Z transitions of OH, (0,0)= band, ¥~ branch,
" w0l QA (1) e 0 ],
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Conventional plots for the determination of rotational temperatures
of OH in emission for various assumed values of €' (1) for the
1’1- bdranch, BZ - 2'". transitions, (0,0)= band, %3000°K.

Jonventional plots for the determination of rotationel temperztures
. 2 2

of OH in enmission for the 1-1- end Pz- brenches [ Z — ﬂ-

transitions, (0,0)~ band, T = 3000°X, €' (1) = .30 for the

P, - branch].

1

Conventional plots for the determination of rotational tenreratures
2 2
of CH in emigsion for the P}~ end P,- branches [_- Z - Tr

1
transitions, (0,0)= band, P = 3000°k, £ (1) =.50 for the
P1- 'branch].

Conventional plots for the determination of eapparent population
temnperatures T£° of the ground electronic stete from absorption
experiments for different temperature: of the lignt source

7 [ 2T =22  trensitions of OH, (0,0)~ band, F,- branch,
? = 3000°E, OX! (1) = 0.10; the ordimate for the plot at

g = 8000°K has been reduced by 2.00 relative to the plot for
Tg = 4ooo°x] .

Conventional plots for the determination of apparent population
femperatures T ,C' of the ground electronic state from absorption
experinentes for different temperatures of the light source

g [ 2T — 2 2. trensitions of 08, (0,0)= band, Py~ branch,

® = 3000°k, OK' (1) = 0.30] .
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Conventional plots for the determination of apparent population
temperatures T ‘ ' of the ground electronic state from absorption
- experiments for different temporatures of the light source

7y [z“- — 2 7 transitions of 0H, (0,0)~ bend, Py~ branch,
* = 3000°K, O(' (1) = o.vo].

Conventional plots for the detemination of apparent population
temperatures T ) ! of the ground electronic state from absorption
sxperinents for different tem;;eraturel of the light source

o .

r,[zﬂ' -~ 2 Ztmsitiozm,,ou, (0,0)~ band, P,- branch,
T = 3000°K, X! (1) = o.so_l.

Tig. 8 The matio I (K)/I___ (1) as & functicn of K for the Py= branch,
(0,0)~ bend, QZ = 2 sreasttions of OF at 3000°K for different
values of £' (1).

Tig. 9 The ratio A(X)/A(1) as a function of K for the Py~ branch, (0,0)- band )
3 Z — 2 Tr Sraneitions of OH at 3000°K for different values
of £' (1).

2
Fig. 10 Plos of [lu (X) - K, (x')] vs. log{ & (x)[qlu (x)] /gn (x?!)
[q fu (x')] 2 for 1ines vith equal peak intensities at 3000°K
as a function of §£' (1) for the Py~ brench, (0,0)= band,
32 - 2-"- Sransitions of OH.

Mg. 11 Plot of [nn (x) - &, (x')] va. log{gu (x) r‘lu m]z/‘u (x*)
x[‘[n (l')] 2l for 1ines with equal total intensities at 3000°K as
e function of €' (1) for the P~ branch, (0,0)- beng, 35 —» 3T
transitions of ON. ’
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13

14

15

16

1?7

8

19

Oonventional plots and appersnt temperatures for various dimodal '
distridutions of OH,

Conventional plot and apparent temperatures for r= § x 102 .
Conventional plot and epparent temmeratures for r= 103.

Conventional plot and apparent temperatures for r= 2 x 103.

Conventional plot end apperent tormeratures for r= 4 x 103.

Conventional plot and epparent temveratures for r= 6 x 103.
Conventional plot and epparent termmeratures for r= 8 x 103.

Isointensity plots end apparent tenperatures for r= 5 x 102,
and

1 x 1052 x 16°.

Isointensity plots and apparent temperatures for r= 4 x 103.

6 x10°, and 8 x 10°.

Isointensity plots and apparent termparatures for r= 102. 104.

and 106.

Conventional plots for the interprctation of emission experinents
with two adjacent isothermal regions 2t 1500 and 3000°K,
respectively, for £(X= 1) = 0,3 for the F,~ branch.

Conventional plots for the interprctation of emigsion experinents
with adjacent isothermal regions at 1500 and 3000°K, respectively,
for € (X=1)= 0.6 for the P; ~ braach. w g
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Fig. 24 Conventionn) tlets for she 1aturpretaticn of emission oxporiments

with twe adincont isctharmpd) rogions it 1300 and EOC'OO!E,

rospectively, fo: £ (K= 1) = 0.7 for the - trench,

Fig. 25 Conventioned rlots for she interprata.icn of mission experiments
with tw aliecent fsothamal regions at 1500 and SOOOOK.

resnectively, for € (K= 1):= .9 for the fl-- tranch.

Fg. (A~1) The quutity %’ 8 = functlon of B X.

Figs. (1) to (3) cervesvond te Fips. (1) to (3) ¢f Pert @ in T.1, 65,
Fige. (4) to (7) ~owrespond t> Fage (1, to (4) ¢f Part _I in T.k. $5
Pgs. (8) to (11) corresnond to ™rs. (1) to (1) of Part III in T.R. ¢8

Pg. (A=1) corresnonis to Fig. (A=1) of Part I i1 T.7. ¢i.

mables I and II corresponi to Tables [ =nd II % Fart I in T.R. ¢¥5.

y - r
Tables 111 and IV correspond to Tables ¥¥F and ¥+ of Part Il in T.R. #5.
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